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Abstract: Alkylated SWNTs were thermally treated to determine the influence of the 
substituents and the degree of functionalization on their thermal stability and 
photoluminescence (PL) properties. Alkylated SWNTs were prepared using sodium 
naphthalenide and alkyl bromide. The defunctionalization of alkylated SWNTs was 
monitored by absorption and Raman spectra. A selective recovery of the characteristic 
absorption and RBM peaks were observed during the thermal treatment, which indicates 
that the thermal stability of alkylated SWNTs decreased with an increase in SWNT 
diameter and with an increase in the degree of functionalization. n-Butylated SWNTs and 
phenethylated SWNTs showed higher thermal stability than sec-butylated SWNTs and 
benzylated SWNTs for a similar degree of functionalization, respectively. The diameter 
selectivity and effect of substituents on the thermal elimination reaction were confirmed 
by using density functional theory. In addition, it was shown that the initial degree of 
functionalization of alkylated SWNTs, where the alkyl group and degree of 
functionalization after thermal treatment were kept constant, strongly affects their PL 
properties, Stokes shift, and PL peak intensity. 
 
Introduction 
Introducing functional groups onto single-walled carbon nanotubes (SWNTs) affects not 
only their dispersibility but also their optical and electronic properties.[1-4] Recently, much 
interest has been focused on SWNT functionalization to induce new and bright 
photoluminescence (PL) peaks. The enhanced near-infrared (NIR) PL peaks can be useful 
in biological imaging owing to the high transparency of biological tissues to NIR light.[5-
14] However, SWNTs lose their intrinsic properties with excessive functionalization upon 
disrupting the π-conjugation of the SWNTs.[15,16] Accordingly, it is important to control 
the degree of functionalization to prepare functionalized SWNTs that possess the desired 
properties. Thermogravimetric analysis (TGA) measures weight loss to estimate the 
degree of functionalization of SWNTs.[17] Hirsch et al. have studied in detail the 
elimination of species from hexylated SWNTs using thermogravimetric-mass 
spectrometric analysis.[18] In 2015, Weisman et al. reported that the diameter-selective 
defunctionalization of dodecylated SWNTs occurred by thermal treatment. They also 
proposed that the diameter-selective thermal elimination reaction could separate SWNT 
mixtures depending on their diameters.[19] We have previously reported that the two-step 
reductive alkylation using LiR1 and R2Br and subsequent thermal treatment of R1-
SWNTs-R2 generated new PL peaks in the NIR region.[10,20,21] The results indicate that 
thermal treatment can effectively control the degree of functionalization of SWNTs. 
During thermal treatment, weight loss was observed in both dibutylated SWNTs, nBu-
SWNTs-sBu and tBu-SWNTs-sBu, at relatively low temperature, compared to the other 
dibutylated SWNTs, such as nBu-SWNTs-nBu. Unfortunately, because the ratio of butyl 
stereoisomers (e.g. nBu/sBu of nBu-(6,5)SWNTs-sBu) was not determined, it was 
difficult to quantify the cause of the different thermal stability of Bu-SWNTs-Bu. In this 
work, we perform thermal treatments of different alkylated SWNTs (SWNTs-R) to show 
the substituent effect and the influence of the degree of functionalization on the thermal 
elimination reaction. In addition, we characterize the PL properties of SWNTs-R before 
and after the thermal treatment. 
Results and discussion 
 
SWNTs-R was prepared from (6,5)-enriched SWNTs using sodium naphthalenide and 
alkyl bromide (Scheme 1).[21,22] The degree of functionalization of SWNTs-R was 
controlled by changes to the synthetic protocol and the amount of reagents used (see 
experimental section). Hereafter, highly and lightly functionalized SWNTs-R will be 
referred to as SWNTs-R(H) and SWNTs-R(L), respectively. 
SWNTs-R was treated for 6 h at a maximum temperature of 150, 200, or 600˚C and 
was characterized with absorption and Raman spectroscopy (Figures 1 & S1). After the 
thermal treatment, the characteristic absorption and RBM peaks, assigned to the large 
diameter SWNTs, recovered preferentially. (Diameter selectivity was also confirmed 
using HiPco SWNTs; see supporting information.) The peak ratio of the D to G band 
(D/G) and the E11 absorption ratio of SWNTs and SWNTs-R at ~976 nm are summarized 
in Table 1. The E11 absorption ratio ([E11 peak intensity of SWNTs-R] / [E11 peak 
intensity of SWNTs]) was estimated from the absorption spectra, normalized at the peak 
minimum of ~775 nm (See Figure S3). This local minimum was selected because the 
absorption intensity at ~775 nm changes only slightly, compared to the intensity of the 
characteristic E11 peak at ~976 nm in the photochemical reaction of SWNTs with aliphatic 
amines.[23] Figure 2 shows the E11 absorption ratio as a function of treatment temperature. 
The E11 absorption ratios of SWNTs-nBu(L) and SWNTs-sBu(H) were estimated to be 
0.52, respectively, indicating a similar degree of functionalization. Interestingly, the E11 
absorption intensity of SWNTs-sBu(H) was significantly recovered by thermal treatment 
at 150˚C, although that of SWNTs-nBu(L) showed little change when exposed to the same 
thermal treatment. Similar differences were observed between SWNTs-Bn(H) and 
SWNTs-Phenethyl(H) and SWNTs-Bn(L) and SWNTs-Phenethyl(L). In addition, the 
thermal stability of SWNTs-R(H) was lower than that of SWNTs-R(L) when the same 
alkyl group was introduced (R = nBu or phenethyl). Thus, both the substituents and the 
degree of functionalization are important factors affecting the thermal stability of 
functionalized SWNTs.  
To clarify the effect of the substituents on the thermal elimination reaction, the bond-
dissociation energy of (1R-SWNTs)-tBu (1R=nBu and tBu) and alkylated SWNT radical 
(1R-(SWNTs radical)) was calculated using density functional theory. Hydrogen-
terminated (n,n)–SWNT structures were employed for this calculation. The 1,4-isomer, 
which is more energetically stable than the 1,2- and 1,8-isomers in (6,6)SWNT, was 
chosen for the calculation (Figure 3). The calculations showed that the bond-dissociation 
energy of (1R-SWNTs)-tBu (1R=nBu and tBu) is lower than that of (1R-SWNTs)-nBu 
(Table 2). The results suggest that the alkyl group elimination reaction is strongly 
influenced by the stability of the leaving groups. In addition, the bond-dissociation energy 
decreased with an increase in SWNT diameter. Therefore, these theoretical results are in 
good accordance with the experimental results.  
Two new PL peaks at ~1100 (E11*) and ~1230 nm  (E11**) appeared, accompanied 
by the intrinsic E11 PL peakn the PL spectra of SWNTs-R (Figure 4). The E11 PL peak 
intensities altered as a function of the thermal treatment conditions. Especially, SWNTs-
nBu(L) and SWNTs-Phenethyl(L) showed a strong emission at ~1100 nm after thermal 
treatment at 150˚C. Interestingly, the PL spectral features differed between the two pairs 
of SWNT-R: SWNTs-nBu(L)150˚C and SWNTs-nBu(H)200˚C, and SWNTs-Phenethyl-
(L)150˚C and SWNTs-Phenethyl(H)200˚C, even though the spectral features of 
absorption and the substituent were the same (Figure 5). The results indicate that the 
degree of functionalization of SWNTs-R before the thermal treatment affects the PL 
properties of SWNTs-R after the thermal treatment. Recently, we reported that the E11** 
PL peak selectively occurs in the PL spectra of alkylated SWNTs, which are prepared 
using sodium naphthalenide and α,α'-dibromo-o-xylene. On the other hand, the E11* and 
E11** PL peaks occur in the PL spectra of the alkylated SWNTs, which are prepared using 
sodium naphthalenide and alkyl bromide.[13] On the basis of these results, we proposed 
that the PL properties induced by chemical functionalization are strongly influenced by 
the spacing between the carbon atom addition sites. Therefore, the difference in the PL 
properties between the pairs of SWNTs-R could be due to the difference in the positional 
relationships of alkyl sites on the SWNTs-R, rather than the degree of functionalization. 
The control of Stokes shift by the addition reaction and subsequent thermal reaction is 
important because it strongly affects their PL lifetime and up-conversion PL efficiency.[13]  
 
Conclusions 
 
In conclusion, we have investigated the substituent effect and the influence of the degree 
of functionalization on the thermal elimination reaction and PL properties of alkylated 
SWNTs. The defunctionalization of elimination reaction of alkylated SWNTs was 
monitored by absorption and Raman spectra, respectively. The selective recovery of the 
characteristic absorption, RBM peak intensities, and D/G ratio indicate that the thermal 
stability of SWNTs-R decreased with an increase in SWNT diameter and with an increase 
in the degree of functionalization. In addition, thermal stability is strongly affected by the 
type of substituent used to functionalize the SWNTs. This result was supported by the 
bond-dissociation energy of SWNTs-R, calculated using the DFT method. SWNTs-R 
possessing the same substituent and similar absorption spectral features were successfully 
prepared from SWNTs-R(H) and SWNTs-R(L) through thermal treatment. Interestingly, 
different PL properties were observed for these SWNTs-R, indicating that the PL 
properties are strongly influenced by the initial degree of functionalization. The different 
PL properties observed could be due to the difference in the positional relationships of 
alkyl sites on the SWNTs-R. This opens new possibilities to control the optical properties 
of SWNTs through a combination of addition and elimination reactions. 
 
Experimental Section 
 
A typical procedure for reductive alkylation (lightly functionalized SWNTs-R) 
Naphthalene (367 mg, 2.86 mmol) and sodium (108 mg, 4.70 mmol) were placed in a 
200 mL heat-dried three-necked round-bottom flask under argon. Anhydrous 
tetrahydrofuran (100 mL) was then added to the flask and the contents were stirred for 1 
h. A portion (10.0 mg) of SWNTs was placed in a 200 mL heat-dried three-necked round-
bottom flask under argon. The sodium naphthalenide solution was added to the SWNTs, 
which were then sonicated for 1 h. Alkyl bromide (3.42 mmol) was subsequently added 
to the mixture. The mixture was sonicated for 30 min and then quenched by the addition 
of 30 mL of dry ethanol. Afterwards, the reaction mixture was washed with water and 
diluted in 10% aq. HCl. This mixture was then subsequently washed with aq. NaHCO3 
until a neutral pH value was obtained. The resulting suspended black solid was collected 
by filtration using a membrane filter (PTFE, 1.0 µm) and washed with tetrahydrofuran, 
methanol, and dichloromethane via the dispersion-filtration process. The solid was then 
dried under vacuum at 50°C. 
 
A typical procedure for reductive alkylation (highly functionalized SWNTs-R)  
A portion (10.0 mg) of SWNTs, naphthalene (1833 mg, 14.3 mmol), and sodium (540 mg, 
23.5 mmol) were placed in a 200 mL heat-dried three-necked round-bottom flask under 
argon. Anhydrous tetrahydrofuran (100 mL) was then added to the flask and the contents 
were stirred for 1 h, and then sonicated for 1 h. The sodium naphthalenide solution 
containing SWNTs was added to a 100 mL heat-dried three-necked round-bottom flask 
under argon. Alkyl bromide (3.42 mmol→17.1 mmol) was subsequently added to the 
mixture. The mixture was sonicated for 30 min and then quenched by the addition of 30 
mL of dry ethanol. Afterwards, the reaction mixture was washed with water and diluted 
in 10% aq. HCl. This mixture was then subsequently washed with aq. NaHCO3 until a 
neutral pH value was obtained. The resulting suspended black solid was collected by 
filtration using a membrane filter (PTFE, 1.0 µm) and washed with tetrahydrofuran, 
methanol, and dichloromethane via the dispersion-filtration process. The solid was then 
dried under vacuum at 50°C.  
 
Thermal treatment of alkylated SWNTs (SWNTs-R) 
The SWNTs-R was thermally treated at a heating rate of 10°C min-1 and a nitrogen flow 
rate of 50 mL min-1 in a thermogravimetric analyzer (TG-50A; Shimadzu Corp.). After 
reaching the target temperature, the SWNTs-R were continuously heated for 6 h, and then 
the heating furnace was cooled using a cooling blower (BLW-50 cooling blower; 
Shimadzu Corp.).  
 
Preparation of a SWNT dispersion using SDBS in D2O 
A portion of SWNTs or functionalized SWNTs (SWNTs-R) was added to 4 mL of D2O 
containing 1 wt% sodium dodecylbenzenesulfonate (SDBS) and sonicated for 1.5 h in a 
bath-type sonicator (Branson ultrasonic cleaner 2510 J-MT). This suspension was then 
centrifuged for 1 h at 140,000g. The absorption intensity at ~775 nm was adjusted, by 
adding an adequate dose of D2O solution containing 1 wt% SDBS to the supernatant 
solution. After 10 min of sonication, the resulting suspension was centrifuged for 1 h at 
140,000g.  
Theoretical studies: 
A hydrogen-terminated (5,5)-, (6,6)-, (7,7)-, and (8,8)-SWNT structure containing 21 
carbon layers was employed in this study. Structural optimization was performed using 
Gaussian 09 Revision D.01[24] within the DFT framework using the B3LYP 
functional[25,26] in conjunction with the 3-21G basis set.  
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Scheme 1. 
 
 
Figure 1. Absorption spectra of SWNTs and SWNTs-R in D2O solution containing 1 
wt% SDBS. The samples were observed before and after thermal treatment. 
 
 
 
Table 1. D/G and E11 absorption ratio of SWNTs-R before and after the thermal treatment. 
 
 
Figure 2. E11 absorption ratio of SWNTs-R as a function of temperature of the thermal 
treatment. (◆): SWNTs-nBu(H), (◇): SWNTs-nBu(L). (■): SWNTs-sBu(H), (◻): 
SWNTs-sBu(L). (▵): SWNTs-Phenethyl(H), (▴): SWNTs-Phenethyl(L). (○): SWNTs-
Bn(H), (●): SWNTs-Bn(L). 
 
Figure 3. Relative energies calculated for nBu-(6,6)SWNT-nBu isomers. A hydrogen-
terminated (6,6)SWNT structure containing 21 carbon layers (C252H24) was employed 
for this calculation. The hydrogen atoms at the edge are omitted for clarity. 
 
 
 
 
 
 
 
Table 2. Bond-dissociation energies (kcal mol-1) of (Bu-SWNTs)-Bu and Bu-(SWNT 
radical). Relative energies are in parentheses. 
 
  
 
Figure 4. PL spectra of SWNTs and SWNTs-R before and after thermal treatment in a 
D2O solution containing 1 wt% SDBS. 
 
  
 
Figure 5. (a) Absorption and (b) PL spectra of SWNTs (solid line), SWNTs-R(L)150˚C 
(dotted line), and SWNTs-R(H)200˚C (dashed line). (Excitation: the E22 energy) 
 
